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Blast Mitigation by Water Mist (3) Mitigation of Confined and Unconfined Blasts

Conclusions Executive Summary
This is the third in a series of reports focusing on numerical simulation of blasts and blast mitigation. The first report detailed simulation of a blast from a condensed-phase explosive, the second report detailed simulation of small (sub 50 micron) droplets and particles on shock waves. This report uses the models developed in the first two to specifically examine the effect of water mist on blast shock-fronts and the development of quasi-static pressure in enclosed spaces. Comparisons with experiments conducted at NSWC are used to validate this model.
The first set of simulations examined the multi-dimensional nature of the expanding shock-front and reaction-front after detonation of the explosive. Results showed that the reaction-front lags considerably behind the shock-front, and that the water mist is pushed outwards away from the explosive location by the shocked air gases. Therefore, the water mist does not directly suppress the secondary reactions in unconfined blasts. Quantitative simulations were conducted to determine the exact effect of water mist droplet size (from 5 to 50 microns) and mass loading on the shock-front. In these simulations, droplet size played a small secondary role compared to mass loading. Close to the explosive, the smaller droplets were actually less effective while further downstream there was an optimum droplet size depending on the mass loading. Vaporization had little effect on attenuating the shock front, which suggests that momentum extraction plays the key role in mitigation of the shock front. For these cases, the total water mass between the observer and explosive was the most important factor in determining the amount of mitigation seen by the observer.
Simulations were also conducted to determine the effectiveness of water mist to mitigate quasistatic pressure build up in enclosures and the results were compared to experimental data. The simulations were able to predict the overall mitigation efficiency of the water mist to within a few percent. Absolute values of quasi-static pressure for the simulations tended to be slightly higher than experimental values, most likely because various loss mechanisms (incomplete combustion, absorption of energy by walls and other structures, and venting) that were not incorporated into the model. Results from a simple thermodynamic model were also compared with the experimental results and tended to substantially overpredict the mitigation efficiency, suggesting that unsteady multidimensional simulations are necessary to predict mitigation efficiency. This will be particularly true when examining more complex spaces and mitigation strategies.
Finally, additional needed computational work is summarized in this report. Specifically, improved models for the explosive blast and droplet breakup, a better treatment of complex threedimensional spaces, and grid adaption are discussed. Many of these improvements are implemented and currently being tested, and will help substantially in simulating blast mitigation scenarios of interest to the Navy and DoD. V 
INTRODUCTION
In spite of our best efforts at detecting and deterring unwanted explosions, current events in Iraq as well as previous incidents such as with the USS Cole and the Khobar Towers, have strikingly highlighted the need to mitigate the effects of unwanted explosions. Many of the hazards the armed services deal with overlap hazards in the commercial sector, such as propellant and explosive storage. However, the armed services also have unique requirements for reducing the effects of weapon attack, and more recently in minimizing the effects of terrorist attacks. Both of these attacks pose unique difficulties in mitigating the blast effects. Unlike storage areas for propellants and explosives or offshore oil platforms, protection from weapon attack is required for a variety of spaces that are used to perform a myriad of specialized functions. While lessons can be learnt from past experiences in the commercial sector, specific solutions will have to be tailored for DoD applications.
In the petroleum and coal industries (such as with off-shore platform or coal mine accidents), deflagrations or detonations of fuels (including coal dust) mixed with oxygen in the air is a common hazard. Mitigation of blasts in chemical processing plants, including the fireworks and propellant industries, has also received considerable attention due to the frequency and catastrophic nature of accidents. Many of these hazards have been addressed using specific methodologies for protecting these areas, such as water blankets, structural reinforcement, venting, and spacing requirements.
Unlike the specific mitigation techniques mentioned above, techniques for general military spaces have some unique requirements. Above all, they must not interfere with the function of the space while providing adequate protection from blasts. Secondly, technologies that do not require a major redesign and have the capability of being retrofitted into current platforms are also very attractive. Mitigants that not only reduce the damage from explosions but also prevent flashover to a fire are highly desirable. Lastly, the technology must also be safe for any personnel that might happen to be in the vicinity of the blast when it occurs. Water mist becomes an attractive candidate mitigant when these issues are considered.
Kailasanath et al. [1] reported an extensive review of the current uses of water in blast mitigation scenarios. They identified two main areas of emphasis: mitigating the effects of condensed-phase explosives by placing water in proximity to the explosive, and using water mist to mitigate vapor-cloud explosions by either inerting the mixture, quenching the flame or reducing the deflagration velocities. They also identified key issues that remained to be solved. These include determining the main mechanisms of mitigation and the effectiveness of different droplet sizes, from very small (less than 10 lim) to intermediate (20-200 lim) to relatively "large" (200+ lim) droplets. In addition, the area of water deluge or concentration of water needed for effective mitigation had to be determined. Finally, they also identified the concern that in some cases flame acceleration was observed due to turbulence, and water mist mitigation of some large scale tests indicated that large complex systems can show less positive results than simple configurations, highlighting the need to be able to quantify the effect of water mist on mitigating explosions for large and complex structures, preferably without doing a large number of expensive experimental tests.
Some of the more recent work has extended our understanding of blast mitigation with water, while remaining focused on the two areas mentioned above. In particular, Liu et al. [2] modeled the mitigation of a condensed-phase explosive with water using a Lagrangian smoothed particle hydrodynamic code, looking specifically at placing a solid water shield either in contact with the explosive charge or leaving an air gap between the explosive and the water shield. They found that with an air gap, the geometry of the explosive charge and water shield shape needed to be carefully investigated to determine optimum effectiveness. For blasts in enclosures, they found the water shield was most effective in mitigating the equilibrium gas pressure rather than the peak shock pressure.
Catlin [3] studied using water containers passively for explosion suppression, examining the specific case of vented flame extinguishment. He found that an array of enclosed containers that release their water as the flame or shock wave impacts the containers can completely eliminate the external overpressure and significantly reduce the internal overpressure in a vented explosion situation. These and other passive systems have typically been the ideal solution for blast mitigation, due to the extremely fast time scales over which blasts occur. However, passive systems usually involve a redesign of the space or may otherwise interfere with the proper functioning of the space, and often require apriori knowledge of where the blast is likely to occur.
A notable study by Buzukov [4] used water curtains to reduce the overpressure of condensed-phase explosions. He showed air-water drop curtains to be highly effective at decreasing the effects of air shock waves in open explosions of a concentrated charge. They used an auxiliary charge that created an outburst of sprayed water to act as the curtain, reaching a 90% reduction in overpressures in some cases, and showed that curtains can be very effective in reducing the blast effects. Water curtains remain an attractive method for protecting many areas from blast, although the ability to generate these curtains on the scale necessary for effective mitigation may be problematic for a wide range of spaces.
One method that has been extensively researched for offshore platforms is the use of water mist or sprays for mitigation [5, 6] . Water mist systems are attractive for blast mitigation for several reasons. These systems can be used in a wide range of spaces with very little redesign of the space, vaporization of water extracts energy from the resulting shock wave, and water is non-toxic to personnel and environmentally safe. In addition, these systems can serve a dual-role both as a blast mitigation and a fire protection system. Both van Wingerden [5] and Thomas [6] found that water mist can be effective at reducing deflagrations and gas explosions on large scale offshore platforms and worked through quenching and decelerating the flame. Van Wingerden found that droplets below 20 ltm and above 200 ýtm are most effective, due to rapid vaporization of the smaller droplets and droplet breakup for the larger droplets. Both noted, however, that in certain situations water mist is not effective at mitigation of the reactions and can actually increase the flame speed and pressure buildup because of the turbulence the mist injection system generates.
With water mist systems being implemented in the machinery spaces of LPD-17 and DD(X) [7] , there is considerable interest in an assessment of their capability with respect to blast mitigation. Our group has had extensive involvement in simulating the ability of water mist to suppress both gas jet flames [8, 9] and liquid pool fires [10] using a multiphase simulation technique, and extension of these techniques to blast mitigation scenarios has been straight forward [11, 12] .
There are still several unknowns with respect to water mist systems being used for blast mitigation. First, an accurate assessment of pressure reduction due to the water mist system is essential in determining whether this system is appropriate for further investigation. In addition, the difficulty of sensing the blast in time for arming and starting a water mist system is also critical to its success as a blast mitigant, although this difficulty is experienced by all active mitigation systems, and can at least be partially circumvented in specific circumstances. An additional danger with water systems is the possibility of electrical fires when protecting areas with substantial electronics. Water mist systems may also not provide significant protection against shrapnel or projectiles from the explosion.
This report is the third in a series of reports detailing the modeling effort that has been undertaken at NRL on blast mitigation. The first report [ 11] discussed modeling of confined and unconfined blasts without mitigation. The second report [ 12] discussed in depth the modeling of the dispersed-phase, and applied this model to predict characteristics of shock waves impinging on particles or droplets. The shock waves were generated by a shock tube and presented an ideal environment to study different fundamental characteristics of particle and droplet-shock wave interaction. The present report uses the models developed in the first two reports to understand the ability of water mist to mitigate blasts both in unconfined and confided scenarios. The report draws heavily from work that was done for the 3rd Joint Meeting of the US Sections of the Combustion Institute [13] and the DDESB Explosives Safety Seminar [14] , in addition to current work that was completed in support of the NRL experiments conducted at the Naval Surface Warfare Center-IHD [15] .
This report is divided into six sections. The first section describes the models used for the simulations, which is included for completeness. The next section is a general overview of the properties of blasts and the interaction between the blast and water mist. The third section details the effectiveness of water mist in mitigating the front-shock from blasts. The fourth section focuses on mitigation of the quasi-static pressure in confined spaces. The fifth main section examines the characteristics of the overpressure for experiments at NSWC and draws some qualitative and quantitative comparisons between the experiment and simulations. The sixth section is a more practical application of some of the tools developed pertaining to using water mist for subway protection. In the final section, we discuss some of the new capabilities that are to meet future blast mitigation predictions.
NUMERICAL MODEL AND SOLUTION PROCEDURE
The approach chosen for modeling the blast and suppressant transport uses an Eulerian-Eulerian formulation, building on the large body of work that has been done here at the Lab for Computational Physics and Fluid Dynamics.
Gas-phase Model
The governing equations for the gas-phase are the inviscid, compressible form of the conservation equations for species, mass, momentum, and energy. They are written as:
at
at where nk is the concentration for species k, p is the fluid density, v is the bulk velocity of the fluid, P is the pressure, E is the total energy, 1ik is the species production term from reactions, Sn,k, ',s mom. erg are the transfer source terms between the dispersed-phase and the gas-phase. Given N species, there are N+5 conservation equations for the gasphase flow in three-dimensions. The relation between pressure, species concentration, and temperature is given by the modified Nobel-Able gas law:
1-an where ng is the gas-phase concentration, n is the total fluid concentration, R is the universal ideal gas constant, and a is an empirical correction at high pressures to account for the effect of finite volume molecules. We use a value of 15 cm 3 /mol for the explosive products. The total energy is given by the relation:
where the species enthalpies are computed from polynomial curve-fits, and pg is the gas-phase density. For the blast simulations, we track 6 species representative of the explosive products and air: solid carbon dust C(s), oxygen (02), water vapor (H20), carbon monoxide (CO), carbon dioxide (C02), and nitrogen (N2). For the blast mitigation cases, we track an additional specie for the suppressant water vapor for clarity. The enthalpies for the different species are calculated using 5 th-order polynomial curvefits, given in [ 11 ] . Explosive blasts consist of a shock-front and a reaction-front located at the contact discontinuity between shocked air and explosive products. For oxygen-deficient explosives such as TNT, a secondary fireball occurs as the explosive gases are expanding and mixing with oxygen in air. For TNT blasts, this secondary fireball actually releases more energy than the explosive detonation, but is only loosely coupled with the shockfront. We model reactions occurring at the reaction-front with a two-step global model,
The reaction rates are calculated using a flame-sheet approximation, with a cut-off temperature of 700 K, below which no reactions are assumed to happen.
Dispersed-phase Model
The approach chosen for modeling the dispersed-phase is the sectional Eulerian approach introduced by Tambour [16] and expanded on by Tambour [17, 18] and other researchers [19, 20] . This approach has been used successfully for low speed fire mitigation studies [8] [9] [10] . The Eulerian sectional approach is appropriate for fine dropletladen gases where the volume fraction of droplets is small but the number density is fairly large and computationally expensive for Lagrangian tracking methods. We assume a dilute mixture of spherical droplets, where the volume fraction of the dispersed-phase remains negligible (under 1%) and droplet-droplet interactions are negligible. For this paper, we consider very small droplets, in the range of 5-50 mm, and mass loadings on the order of 0.5 to 1.0. Mass loading is defined as the ratio of water mass to gas mass within a computational cell.
The dispersed-phase equations for the sectional approach are developed by grouping droplets of similar sizes together into sections. Each section is represented by Eulerian conservation equations for mass, momentum, and energy. Source terms account for mass, momentum, and energy transfer between the sections and between each section and the gas-phase. The conservation equations can be written for section j as follows:
where mi is the mass density, v' is the velocity, and hi is the enthalpy of the waterdroplets from sectionj, El is the mass transfer from sectionj toj-1 due to vaporization, E• is the mass-transfer from sectionj to the gas-phase due to vaporization, E" is the mass transfer from sectionj to section I due to droplet breakup, F i is the drag force between droplets in sectionj and the gas-phase, and Q' is the heat transfer between the droplets in sectionj and the gas-phase. The source functions for the gas-phase can be related through the following:
j=l
The source terms F' 1 , F',, F', and Q' are calculated based on single-droplet models
and an assumption for the number density distribution in each section [20] . For each section, we assume that the number density within the section is constant with respect to droplet volume. A single droplet i is characterized by its mass md,i, velocity Vd, 5 diameter Dd, i, and specific enthalpy hdi . We assume the temperature is uniform throughout each droplet, therefore, there is a one-to-one correspondence between droplet temperature and specific enthalpy where the specific enthalpy can be expressed by hd,/ = CjTdi, where C, is the specific heat of the liquid. We assume the liquid-phase density p, is constant, thus the droplet mass is simply md, p=(.rD 1 ,i /6). For a singledroplet, the high velocity correction term is based on Clift [21] , and the vaporization and heat-transfer convective corrections are based on a Ranz-Marshall correlation [22] . Calculation of the source terms is described in detail in [12] . The resulting source terms for transfer of mass from sectionj to sectionj-1 from droplet vaporization is
where A =0. 3(6/r)11 Pr'1 (2Opre I/M) The source term for transfer of mass from sectionj to the gas-phase from droplet vaporization is
The momentum transfer source term is computed in two parts, a non-convective and a convection correction term, described as F1 and F2
Similarly, the heat transfer source term is broken into a non-convective and a convective term, In addition to drag, heat transfer, and vaporization, droplet breakup must also be accounted for when large droplets (>100 ltm) are considered. The current research has focused on small droplets where breakup is not important and is neglected.
Property Evaluation for Blast Mitigation Models
For the dispersed-phase, we need to calculate as a function of temperature the saturation pressure of water, the viscosity and conductivity of the gas mixture, and the surface tension of the water. Note that all of the properties are given in CGS units. The saturation pressure for water vapor with respect to temperature is curve-fit using Antoine equation with widely available data: 
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where the pressure is in bars and the temperature is in Kelvins. These coefficients produce an error of less than 2% over most of the data compiled in Steam Tables [23] . Near the supercritical temperature (above 600 K) this error increases slightly to under 5%.
The Sutherland expression is used for expressing viscosity as a function of temperature:
110+T) dynes'sec/cm 2 (20) for a mixture containing predominantly air. The thermal conductivity is calculated assuming a constant Prandtl number of 0.75, and the surface-tension is calculated using a linear relation with temperature, assuming that the surface tension at the critical temperature for water vanishes, 
Solution Procedure
The solution procedure involves solving M+ I sets of conservation equations, where M is the number of sections being simulated. Each set contains a continuity equation, momentum equation, and an energy equation and is coupled through source terms. The present procedure used for solving these conservation equations is by a time-step splitting method. Each set of conservation equations is solved independently using the explicit FCT-algorithm of Boris and Book [24] , and is described in detail in [25] . The crosscoupling source terms are added explicitly at the end of the dispersed-phase step. Parallelism is accomplished through domain decomposition using the Multiblock PARTI library [26] .
Initial conditions for the explosions are obtained by doing a constant-volume reaction calculation for the explosive within its volume. This gives an initial pressure, temperature, and species concentrations for the volume, which then expands outwards when the simulation begins. The solution procedure and initial condition are explained in more detail in [11] . Our simulations have all focused on TNT explosions; however, other explosives could easily be substituted using this initialization procedure. Data for other explosives is provided in Appendix A. Verification and validation of the solution procedure for blasts and particle interactions has been reported in [11, 12] .
Wall Boundary Conditions for the Water mist
Wall boundary conditions present a problem for dispersed-phase flows using the Eulerian approach because of the difficulty of accurately representing the droplet momentum distribution near a wall were droplets are being partially reflected. In an Eulerian representation, any characteristic of a given droplet (such as momentum or temperature) is represented by the average of all of the droplets within that cell. This representation becomes a problem when you have two streams of droplets heading towards each other as shown in Figure 1 . For relatively dispersed droplets, these two populations of droplets physically tend to go straight through one another. However, with the Eulerian approach, the momentum at each cell is taken as the average momentum of all of the droplets within that section. Thus, the end result is one large mass of water droplets heading at a velocity dependent on the averaged momentum, as shown in Figure lb . With reflecting walls we have a similar situation. As the water droplets hit the wall, the reflected water droplets have a velocity directly opposite of the initial (non-reflected water droplets). This is shown in Figure 2 .
With the sectional approach, droplets are broken into groups dependent on the size of the droplets. This still presents problems for modeling reflection off of the wall, because the only property that differentiates the groups is droplet size. One approach to more accurately simulate the boundary condition is to create another group of sections that represent only reflected drops. Interaction between the reflected drops and the nonreflected drops occurs only through the boundary condition, and in all other ways, the reflected droplet sections behave like the non-reflected droplets. Since the reflected sections need to be transported similarly to the non-reflected sections, this method does effectively double the cost of the dispersed-phase calculation; however, it is possible to make some assumptions to optimize the solution. In terms of the conservation equations, we now have sectionsj and jr, where jr represents the new reflected section, with mass, momentum, and energy conservation equations representing all of the sections.
The boundary condition can now be written in a very general manner. The wall flow is treated as an outflow boundary for the non-reflected sections. The mass, momentum, and energy flux for sectionj out of the wall is dependent on the perpendicular boundary cell velocity, vI, where v. < 0 means the mass flux is away from the wall, and v. > 0 means that the mass flux is towards the wall. If v is less than zero, we treat the wall as a wall and set the interface velocity vni to 0. If, on the other hand, v.J is greater than zero, we treat the wall as an outflow boundary with vin t v For the reflected sections, the wall interface is treated as a inflow boundary condition. This boundary condition is dependent on the outflux for the non-reflected sections and on reflection coefficients, a jj,. The reflection coefficients are between 0 and 1, and represent the transfer of mass, momentum, and energy from section] to sectionjr. The inflow mass, momentum, and energy fluxes are written as:
For the simulations presented in this report, we focus on two cases. The first considers a wall with a reflection coefficient of 1, the second case considers a wall with a reflection coefficient of 0, where the droplets reflect elastically off of the wall. To simplify the representation, we make the further assumption that droplets of a given size that reflect off of the wall will remain that size. That is, a ijAj = 1 if and only ifj=jr, otherwise a"'j' = 0.
For very complicated flows, this method may become problematic. For instance, what if reflected droplet sectionsjr reverse direction and impinge on the wall again. Currently this situation is ignored, and it is assumed that they will remain within the computational domain. This should work for blast mitigation simulations, because the main reflection that we are interested in capturing is the initial reflection due to the shock-front. There is no clear way to do anything above this with the Eulerian sectional approach without a much more significant cost. Figure 1 . Example of Eulerian treatment of two independent streams. As the streams in (a) come together, they will merge into one large stream with one momentum (b). For very dispersed streams, this is not physically accurate because the streams will tend to pass through each other. . Number density as a stream of droplets hit a wall. As it is hitting the wall, droplets will be reflected and reverse in direction. This is difficult for an Eulerian treatment of droplets to reproduce accurately.
BLAST MITIGATION USING WATER MIST
As discussed extensively in [11] , an explosive blast consists of two important regions: the front-shock, which is essentially an air shock, and a reaction-front, where the shocked air gases mix with the excess explosive fuel and burn. Mitigation is dependent on the interaction of the water mist both with the shock-front and the reaction-front. To understand these concepts better, we show an axisymmetric solution for the temperature and pressure for a detonation of 2.12 kg TNT, 1 ms after detonation of the explosive. The charge size and dimensions were selected because of their similarity to previous experiments using water to mitigate blasts [27] . The cell size for the computations is roughly 0.33 cm x 0.33 cm, and the domain extends out for 200 cm. This particular case has no water mist present in the domain.
Both these regions are shown in Figure 3 on a temperature and pressure distribution plots at one instant of the multi-dimensional simulation. As seen in the figure, the reaction-front is far behind the shock-front and does not contribute to the shock-front overpressure. This is generally true except for immediately after the detonation when the shock-front is still close to the location of the explosive. The reaction-front does become important, however, for the development of overpressure in enclosures. For that reason, we simulate both the explosive product gases and oxygen in the air, allowing us to track the reaction-front and the heat release due to secondary reactions. For multi-dimensional simulations, the reaction-front is physically unstable and becomes wrinkled, most likely due to some form of Rayleigh-Taylor instability. The situation becomes more complex in enclosures. Initially the same shock-front and reaction-fronts are present immediately following the detonation. As the shock-front is reflected off of the wall, the flow field quickly becomes very complex with reflections happening in several different directions. We demonstrate this by showing a series of temperature gradient plots for the same representative case in Figure 4 . The temperature gradient shows the shock-front and reflected shock waves as sharp lines, while the reaction-front is a more diffuse wrinkled line. As shown in the figure, there is considerable interaction between the reaction-front and the reflected shock waves, which tends to increase the mixing and drive the reactions towards completion. In an enclosure, the release of energy from the reactions results in an increase in the average temperature and thus the quasi-static pressure within the domain. The addition of water mist into the domain complicates the situation. For the example problem, water mist is evenly dispersed throughout the domain at a mass loading of 0.5. Similar to the air, water droplets are initially pushed away from the source of the explosion as the blast wave expands, but behave differently due to their inertia. We can draw a surface separating where water mist is present and not present, called the water mist interface. In order to quench any of the secondary reactions, this surface must penetrate into the explosive gases. For multi-dimensional simulations, we approximate this surface by computing the gradient of the water mist density field. Similarly, by computing the gradients of the pressure field and the CO concentration field, we determine the locations for the reaction-front and shock-front. These three plots are superimposed to determine the relative positions of the shock-front, reaction-front, and water mist interface for a representative solution in Figure 5 . The water mist interface is clearly outside of the reaction-front and therefore does not play a strong role in suppressing the secondary reactions.
Shock-front
Reaction-front
Water-mist interface Figure 5 . Gradient of pressure, water mist, and CO concentration for a blast of 2.12 kg TNT, 1 ms after detonation.
Using spherically-symmetric simulations, we calculate the location of this interface along with the reaction-front and shock-front on an x-t diagram, as is shown in Fig. 6 . Although the water mist penetrates into the explosive products initially, the inertia of the droplets tend to push the water mist out of the reaction zone as the gases contract after the over-expansion. The results above suggest that spherically-symmetric solutions are adequate to understand the mitigation of the front-shock using water mist in unconfined spaces. Axial location, cm 
MITIGATION OF THE SHOCK-FRONT
This section focuses on a series of results that examine in more detail the effect that water mist has on the shock-front. For these simulations, we use sphericallysymmetric simulations. We increase the resolution to 0.173 cm per cell and increase the distance that we examine to 250 cm. The charge consists of 2.12 kg (4.67 lb) of TNT. The time-steps taken in the simulation vary depending on the strength and velocity of the shock, the presence of water mist, and the size of the water mist droplets, but are typically in the range of Ixl0-8 s to 2x10-7 s. For the mitigation cases, the water mist is divided into 6 sections, with maximum droplet sizes ranging from 15 [tm to 50 [tm. The simulations assume a mono-dispersed droplet distribution, that is, all of the water mist mass is initially placed within the largest section. This is done (as opposed to using a more practical droplet distribution) to obtain better clarity in interpreting these results.
One of the attractive features of water for mitigation and suppression of explosions and fires is the large latent heat of vaporization and heat capacities of water. From numerous results on fire-suppression using water mist, this feature plays a critical role in being able to extract energy to cool the fire and suppress reactions. One may desire to naturally extend this observation from the realm of fire suppression to blast mitigation. Our first interest is to determine exactly how critical of a role vaporization plays in mitigating the shock-front. Therefore, using simulations, we simply turn off vaporization to examine the difference between a mitigated shock-front with vaporization and without vaporization. The result is summarized in Figure 7 , which shows the maximum overpressure at different distances from the explosive. Interestingly, there is very little effect due to vaporization, particularly close to the explosive, where more vaporization should be taking place. This effect is due to two causes. First, the amount of water that is vaporized directly in the shock wave is fairly small, because the temperature is not extreme and the time is very short. Second, the water that is vaporized contributes to the gas-density at the shock-front, and thus also adds into the gas pressure, partially canceling out the effect of lowering the pressure through lower gas temperatures. This suggests that most of the mitigation for the shock-front using water mist is through momentum extraction. After simulations focusing on the mechanisms involved, we undertook parametric studies. Only the highlights from a few key cases are presented here. All of the cases discussed here are done assuming vaporizing droplets from 25-30 11m, unless otherwise specified, and a mass loading of 0.5. In particular, we are interested in the effect of water mist location for effective mitigation. Unlike many blast protection scenarios, when protecting against a terrorist or weapons attack, the location of the explosion is not necessarily known beforehand. Therefore it is prudent to understand the effect of water mist location relative to the blast.
The first set of cases to investigate the effects of water mist location is shown in Figure 8 . This shows the overpressure decay for mitigated and unmitigated cases, where the beginning of the water mist spray is located at different distances from the initial explosion. Three different distances are shown in this figure: 15, 25, and 50 cm. Distances of 15 or 25 cm make very little difference on the eventual mitigation. Water mist spray starting 50 cm away from the blast has a more pronounced effect, but it is still relatively small (and becomes smaller with distance.) The important conclusion from this plot is that it appears to not be necessary to have the water mist right up against the explosive, so long as it is relatively close. Radial location, cm The next parametric study of interest involves keeping the total amount of water constant, but varying the density of the spray around the explosive from a mass loading of 0.25 to 1.0. In all cases the total amount of water is 9.71 kg. From the results shown in Figure 9 we see that although the decay curves are different for each case, after the shock wave has passed through the water, the subsequent decay curve between the three cases is very similar. There is, in fact, only a very small difference in the overpressure felt by an observer at 2.4 m regardless of which mass loading was used, which suggests that a fairly diffuse spray can be as effective as a concentrated spray around the explosive. This is a promising result for using water mist for blast mitigation, because it suggests water mist can be as effective as having a more dense "water wall" surrounding the explosive provided that the total mass of water is similar. Radial location, cm Another parametric study looked at the effect of both mass loading and droplet size, examining droplets from 7.5 [tm to 50 [tm, and mass loadings from 0.25 to 2.0. For all of these cases the water mist starts 15 cm from the center of the explosion and continues throughout the domain. For these simulations, we look at the overpressure at two specific locations downstream of the initial explosion, one close to the initial explosion (50 cm), and another location further away (150 cm). The results are shown in Figure 10 . Again, the results mirror what we saw earlier, where closer to the explosive the mitigation is much smaller (and in some cases, we actually see an increase in overpressure) and further away we see much better mitigation. Physically, the amount of mitigation that is seen is closely related to where the maximum overpressure is developed with respect to the original explosive location. Several parameters effect this location, but the most important are mass loading and droplet size through a relaxation and transition region. It is the complex interplay of these three effects (mass loading, relaxation zone, and transition region) that determines what the optimal droplet size is at a given distance from the original explosive. Droplet size appears to play a small secondary role when compared to the mass loading, especially far away from the initial explosive. An interesting aspect of these results is that they suggest close to the water the smaller droplets are actually less effective at mitigation (although nothing mitigates effectively), and further down there seems to be an optimum droplet size dependent on the mass loading. 
MITIGATION OF QUASI-STATIC PRESSURE
In addition to the peak overpressure, structures are also vulnerable to the impulse generated over time after the shock-front impacts the object. Impulse is defined as the integral of overpressure over a time interval:
where the explosive detonates at time t-0. For unconfined explosions, the impulse is closely tied to the shock-front pressure, and occurs over a time period that is on the order of microseconds. For confined explosions, the impulse related to the shock-front is small compared to the impulse related to longer-term pressure buildup within the enclosure, often called the quasi-static pressure. Quasi-static pressure is caused by both the initial blast and also the afterburn of excess fuel from the explosive. The pressure buildup generally occurs on the order of 0.01 to 0.1 seconds (although this varies with the size of the explosive and enclosure). For a completely sealed enclosure, the quasi-static pressure will remain constant indefinitely after the initial buildup. The quasi-static pressure is an average pressure that is defined by the impulse:
where the time intervals are typically on the order of 0.1 seconds. Unlike the blast overpressure, quasi-static pressure is not strongly dependent on location from the explosive. The buildup time interval is very long compared to the shock-front pressure pulse, but very quick relative to human reaction. Mitigation of the quasi-static pressure rise can be accomplished through two separate mechanisms. First, the pressure can be reduced simply by removing energy from the gases via vaporization. Second, if the water penetrates the reaction front, it may lower the temperature enough within the reaction front to quench the reactions.
To better understand mitigation of the quasi-static pressure, we ran twodimensional simulations that examined specifically the buildup of quasi-static pressure and mitigation of this pressure. For these simulations, we again used 2.12 kg of TNT and enclosed it in a cylindrical container that was 3.46 m long and had a radius of 1.73 m. This corresponds to a volume of 32.5 M 3 , which is very close to the volume used in the NCEL experiments [27] . For the gas-boundary conditions on the outer walls, we use simple reflecting, no heat-loss boundary conditions. Unlike the previous simulations, these simulations are run for relatively long periods (50-60 ins), and the reflection of blast waves off of the walls are an important aspect of the solution. For this reason, they are also very numerically intensive, as they require good resolution of the shock wave interactions, in addition to having a long simulation time. As shown in [ 11] , the wrinkling is essential for appropriate mixing of the excess fuel and oxygen in the air, therefore multi-dimensional simulations are required for quasi-static pressure calculations.
The first set of results we show for quasi-static pressure rise are the temperature and pressure fields without water mist present in the enclosure. These are shown in Figure 11 at 1, 2, 5, and 15 ms after detonation of the explosive. At 1 ins, before the shock wave hits the outer wall, one can see the location of the shock-front, the reactionfront where the explosive products are mixing with the shocked air gases. At this point, the reaction zone temperature is approximately 1800 K, the shocked air temperature is approximately 700 K, and the explosive products temperature is about 1300 K. The explosive gases are still expanding slightly at 2 ms (one can also see the further development of instabilities within the reaction zone), but the reaction zone is then forced back towards the interior from the reflected shock wave at 5 ins. The reflected shock increases the mixing and at this point the reaction zone temperatures increase significantly, generally rising to around 2200 K with some spots significantly hotter. Secondary reactions continue as the reaction zone drifts towards the outer walls, with the maximum temperature now at 2500 K in several regions. The pressure starts out with very distinct shock waves and high and low pressure regions, but by 15 ms it is clear that the overall pressure in the enclosure has risen considerably and is more homogeneous.
The second set of solutions we show are the temperature, pressure, and water mist density fields when water mist is present in the enclosure, as shown in Figure 12 at 1, 2, 5, and 15 ms. These solutions are both qualitatively and quantitatively very different from the preceding solutions (without water mist) shown in Figure 11 . For these solutions, the water mist has penetrated through the shocked air gases and has affected the reaction-front. At 1 ms, temperatures in the shocked air gases vary from 580 K near the shock front to 430 K near the reaction front. Because the water mist has penetrated into the reaction zone, the temperature in that region has been reduced to between 700 to 900 K. According to our simple extinguishment criteria, the secondary reactions are still occurring. At 5 and 15 ms the temperature profiles follow the basic pattern seen in Figure 11 ; however, the water mist has reduced the temperature quite significantly, and the amount of mixing also appears to be less. As water continues to vaporize, we expect the temperatures to continue to go down within the enclosure. The pressure behaves qualitatively similar to that observed in Figure 11 , although at 15 ms we see that the overall pressure is less than in the case without water mist. Figure 13 shows a sample pressure trace at the center of the domain, and shows that the pressure rise is reduced using water mist. For longer times, the pressure within the chamber is reduced further until it attains a quasi-static value.
Examining the water mist density in Figure 12 , we clearly see the water mist being pushed towards the outer wall, and for the most part staying near the outer edge of the domain. Because of the reflected shock wave, much of the water mist is slowed and vaporized before reaching the wall, thus only a small amount of water mist is actually lost to the walls in these simulations. An implication of the location of the reaction zone and the water mist is that the water mist will not directly suppress the secondary reactions. This is due to the water mist being pre-dispersed into the enclosure. In a more practical scenario, the system would be designed to continue to pump water into the area affected by the explosion and would most likely be more capable of penetrating into and suppressing the secondary reactions.
The second set of results are a comparison of the reflecting and absorbing wall boundary conditions. Figure 14 shows the total mass of liquid and vapor water integrated over the entire domain. For the reflected case, we expect the total amount of water (liquid and vapor) to remain constant. In the plot, there is a slight increase in this number, due to numerical error with the spreading of the water, and then this value stays constant as expected. With the absorbing walls, we see a distinct dip in the total amount of water (liquid and vapor) at 100 microseconds, due to the first wave hitting the wall. Surprisingly, no more water is absorbed by the wall. This is because the reflected shock wave hits the droplets and either vaporizes or deflects them away from the wall before they hit. The amount of water hitting the wall should be strongly dependent on droplet size, however, this has not been investigated. 
COMPUTATIONS IN SUPPORT OF INDIAN HEAD EXPERIMENTS
In addition to the previous studies, we have also completed a number of simulations to support the experiments of Bailey et al. [15] . In the experiments, the explosive charges consisted of a large cylindrical TNT charge with a small pentolite charge and a metal blasting cap placed on the TNT charge. The pentolite functioned as an accelerator and was about 50 gins, whereas the TNT varied between 800 gms (2 lbs) to 3180 gins (7 lbs). The charge was hung from a metal chain in the center of the chamber using duct tape, with the axis of the explosive charge vertical. The blast chamber was approximately 15xI5xI0 ft (15xl5 ft plan). Four pressure transducers were located at each of the corners, approximately halfway up the wall. The transducers were protected by a metal box approximately 1/2 ft by 1/2 ft, such that only the sensor tip was subjected to the extreme pressures and explosive products. The approximate distance from the explosive to the transducer is about 10.5 ft.
Due to the limited time and resources available to address this problem, no attempt was made to try to reproduce the details of the specific experiments. Two types of analysis are discussed below: a first order thermodynamic analysis and a more detailed two-dimensional axisymmetric numerical simulations. Because of the inherent differences between the experimental set-up and the simplified analysis and simulations, quantitative differences in the absolute values of the local parameters are to be expected. These can be minimized by looking at trends and relative differences between unmitigated to mitigated parameters. Furthermore, it must be remembered that it is extremely difficult to make highly resolved measurements and computations of these hostile and complex environments.
The water mist system in the experiments was based on the Marioff Hi-Fog system [28] . Six nozzles were placed around three walls of the blast chamber (no nozzles were on the front-wall with the door), about half-way up the walls. Discharge of all of the water (approximately 50 liters) took around 40 seconds. For the 2-lb and 5-lb blast cases, the explosive was detonated after the water mist system had been activated for 30-seconds For more details on the water mist system setup and discharge, consult [ 15] . In the experiment, a substantial portion of the discharged water will collect on the walls and accumulate on the floor, although an accurate assessment of this is difficult to obtain. There is also no published measurements of the total amount of water discharged at the time of the explosive detonation. For these calculations, we assume that the amount of water discharged at the detonation time is only about 37 liters (not the full 50 liters available), resulting in a mass loading of 0.5.
To get some idea of the type of overpressures to expect, we conducted an analysis using empirical correlations and thermodynamics. First we determined the scaled mass of the explosive and the scaled distance to the pressure transducers. From there, we consulted correlations from Kinney and Graham [29] to determine the front-shock overpressure and arrival time. The quasi-static pressure and mitigated quasi-static pressure are obtained from a thermodynamic analysis outlined in [30] . In the experiments, four pressure transducers at the comers of the chamber obtained high speed pressure data. The data was taken at 10 [ts intervals for between 1.5 to 2.5 seconds after the detonation. The blast chamber vents explosive products after the detonation. The highest average pressure occurs within 0.1 seconds after the blast; after which this overpressure begins to drop. For quasi-static pressure measurements, the data was averaged in 0.1 and 0.05 second intervals after the arrival of the first shock at the pressure transducers. There is very little difference between the 0.05 second average and the 0.1 second average during the first 0.1 seconds, we have chosen to use the 0.05 second averages in this report. Details and results from the experiment are given in [15] .
The current numerical procedure can compute either three-dimensional or twodimensional axisymmetric simulations. For three-dimensional geometries, quasi-static pressure calculations tend to be very challenging due to the resolution requirements for resolving the shock waves and the long time scales required for quasi-static calculations. We have therefore chosen to do two-dimensional axisymmetric simulations for the quasistatic pressure calculations. This means that some of the quantitative characteristics are different than seen in the experiments, however, the qualitative characteristics should be similar, and the quasi-static pressure changes should be comparable. To ensure consistency between the experiment and simulations, we have chosen a cylindrical domain with the same volume as the experimental blast chamber, 2250 ft 3 or 63.7 M 3 .
We have selected a cylinder with nearly a 1: 1 ratio, radius of 215 cm and a half length of 219 cm. By doing two-dimensional axisymmetric simulations, we are able to compute several cases with and without water mist, and are able to examine droplet size and mass loading effects. Unlike the experiment, in the simulations, no venting occurs, so the simulations will not match the decay in overpressure that is seen in the experiments. For this reason we compare only the first 0.1 seconds between the experiment and the simulations. The simulations suggest a longer time may be needed to attain a true quasistatic state but the experimental data indicates that for longer times, the venting is likely to impact the measured pressure. Hence, the time, 0.1 seconds is taken as a compromise and will have some effect on the absolute quantities compared.
Other notable simplifications between the experiment and the simulation include using a spherical (instead of cylindrical) charge, only using TNT instead of using a TNT charge with a pentolite booster, and assuming all of the water is uniformly distributed within the chamber. Both the shape of the charge and the fact that the charge has a pentolite booster will only critically effect the dynamics close to the charge. It should have only a small effect away from the charge and no effect on the quasi-static pressure development. The uniform mist distribution may have a more significant impact on the pressure rise characteristics; however, at this time there are no good experimental measurements for the mist density distribution within the chamber at the time of the blast. This is an important area for further research.
Pressure Trace Characteristics
Before discussing the blast mitigation simulations, first we would like to note a few characteristics of the pressure curve. As mentioned previously, the pressure transducers in the experiment are positioned at the comers of the four walls, at approximately half the height of the ceiling. The transducers are within a box, about 12 ft away from the actual comer. Since we are using an axisymmetric geometry in the simulations, we approximate this by looking at the pressure traces near the comer of the computational domain. They should share many characteristics, although it will not exactly replicate the pressure trace seen in the experiments. Figure 15 shows the pressure trace from the simulation with the 5-lb blast without water mist present. We show results from a "numerical" transducer in the center of the domain and at the far comer (furthest point away from the blast). The far comer transducer is inset from the comer by 36 cm.
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70. The notable thing about this plot is that in the comer location, there is a group of several closely spaced pressure maxima after the front-shock arrival. This is due to the reflections occurring off of the walls surrounding the comer point. After this initial set of pressure maxima, there is a long time with minimal overpressure that lasts until almost 10 ms from the detonation of the explosive. Also of interest is that the far comer pressure trace is very different from the pressure trace in the center of the domain; which simply has one pressure spike followed by an extremely unsteady pressure trace after about 3-4
Ms.
A comparison of the overpressure with mitigation and without mitigation is shown for all different charge sizes in Figure 16 . For these simulations, we used a water mist mass loading of 0.5. Qualitatively, there are a few things worth noting from the figure below. The water mist mitigates the initial maximum overpressure quite significantly, reducing it by at least a factor of two. It also slows the shock wave down resulting in a later arrival time for the front-shock. Another interesting feature is that it has significantly damped the maxima in the pressure trace from 0.01 seconds onwards.
There is still an overall overpressure rise in the chamber, which is described below more quantitatively. 50 100, 
------------
Quasi-static Pressure Characteristics
Our main interest in the simulations is determining the quasi-static pressure difference with and without the water mist present. For this report, we examine three different quasi-static pressure measurements; from 0-0.05 seconds (QSP 1), from 0.05-0.1 seconds (QSP2), and from 0-0.1 seconds (QSP3). These three values are selected for different reasons. The QSP 1 calculation is effected by how quickly the pressure builds up within the chamber. The QSP2 calculation is significant because it is more representative of the final pressure in an enclosure that is subjected to a blast if no venting occurs. The final value from 0-0.10 is representative of the total impulse that is felt by an object at the corner location. The results are given in Table 2 .
Several comments can be made first by comparing the measured quasi-static pressures shown in Table 2 with the results from the thermodynamic analysis presented earlier in Table 1 . As expected, the thermodynamic analysis significantly overpredicts the overpressure within the enclosure without water mist present. This is probably because the thermodynamic procedure assumes that all the reactions go to completion, whereas realistically not all of the fuel will react for various reasons, and also some intermediate species may have high concentrations at the high temperatures. Such details are not accounted for in the simplified analysis. More interestingly, with water the thermodynamic analysis severely underpredicts the quasi-static overpressure compared with the experimental results. That is, the amount of mitigation predicted by this simple analysis is larger than that observed in the experiments. These results show how poorly a simple thermodynamic analysis is able to capture what actually happens with blast mitigation and highlights the need for more detailed numerical simulations.
The two-dimensional simulations are better at capturing the experimental quasistatic pressure, although there are some notable differences, as expected, in the absolute quantities. First, without mitigation, comparing the QSP 1 value between the experiment and simulation shows the simulation almost always underpredicts this value. This may be because the secondary reactions are occurring more quickly in the experiments than in the simulation. This may also be partly due to the inherent limitation of an axisymmetric simulation where the amount of mixing is usually underestimated due to the neglect of three-dimensional effects within the flow. Interestingly, the simulations consistently overpredict QSP2. This is perhaps due to the overly simplistic reaction kinetics, which does not account for significant quantities of stable intermediates at the elevated temperatures and pressures. These two quantities tend to balance to provide a fairly good approximation for the total impulse over the first 0.1 seconds as represented in QSP3. Furthermore, previous comparisons between the axisymmetric simulations and published experimental data on quasi-static pressures were much closer suggesting that these experimental measurements may also be on the lower side.
Unlike the thermodynamic analysis, the simulations provide a much more accurate representation of the actual mitigation seen with water mist. Again we see a similar behavior in the absolute quantities as without water mist: that is, QSP1 is typically underpredicted and QSP2 is overpredicted by the simulation, most likely due to similar circumstances as mentioned above. Finally, the simulations do show that further reduction in the quasi-static pressures can be attained by increasing the amount of water mist. Table 2 . Quasi-static pressure results for Indian Head experiments and simulations at NRL. QSP1 is averaged from t-0 to t-0.05 seconds, Q SP2 is averaged from t-0.05 to t=0.10 seconds, and Q SP3 is averaged from t-0.00 to 0.10 seconds. Quasi-static pressure is in psig. Experimental data from Bailey [15] . A better measure of the level of agreement between the experimental measurements and the computed values may be to consider the amount of mitigation as measured by the percentage reduction in pressures. This would remove the effect of some of the basic differences between the experimental set up and the simulations because that would impact both cases without and with water mist. Table 3 compares the water mist mitigation efficiency calculated from experimental and simulation results. The efficiency is calculated as the percent reduction in overpressure scaled by the unmitigated overpressure. This comparison suggests that the simulations do quite well at predicting the amount of mitigation that can be expected from a given scenario. Note that the numbers in the table for the experimental data are different than the 40%, 47%, and 40% quoted in [15] . The reason for this difference is that those numbers are obtained from quasi-static overpressures averaged over one second, not the 0.05 and 0.1 second shown above. Over one-second a considerable amount of venting has taken place, and therefore the numbers are not representative of an enclosed room, but of a vented room. We have chosen the 0.1 second interval because it is more representative of unvented enclosures.
CHALLENGES
The discussion so far has highlighted the difficulties in making accurate and adequate measurements and conducting corresponding simulations of the hostile environment around an explosion. Here we address several computational challenges that need to be addressed for improving predictions of blast mitigation in practical scenarios of interest to the Navy.
Non-TNT Explosives and Improved Detontation Model
Although TNT is useful for comparison and calibration purposes, many of the explosives used for military applications today are entirely different from TNT or are a mixture of different explosives. Therefore, it is important to have some idea of how these explosives will behave differently from TNT. Different explosives can easily be accommodated within our solution framework as explained in Section 2.4, especially since the finer details of the detonation process are only of secondary importance in these studies. We have accumulated data for a wide range of explosives, as shown in Appendix A and conducted simplified analysis with this data. Multidimensional simulations can be conducted as needed for various explosives.
Further improvement in the representation of the early stages of the explosion are required if we want a more accurate representation of the front-shock strength and arrival times. It may also become important in complex geometries where energy may be channeled between barriers in specific ways. In this case, a more accurate depiction of the detonation itself may be necessary.
Improved Droplet Modeling
For the simulations computed in this report, we have assumed very small droplets, usually less than 25-30 microns. In practice, it is difficult to generate droplets of this size along with the high mass flow rates necessary for fire and blast mitigation, although new techniques are being developed that show promise in this area. For the Marioff High-Fog system, the droplet size generated is generally much larger than the 25-30 micron range, and is often in the range of 100-200 microns. To appropriately simulate this, a breakup model needs to be implemented into the sectional approach. The difficulty in doing this is that there is very little information in the way of breakup for sub-100 micron droplets. Most of the research has focused on breakup of single, isolated droplets often in the mm size range, with a specific interest in understanding the breakup of fuel droplets. For the blast and shock wave mitigation case, these studies ignore energetics that might be important such as the extraction of energy due to the breakup process.
We have currently implemented a breakup model into the sectional approach, and have compared it with a breakup model implemented in a particle-tracking code. The two different approaches give very similar solutions for shock wave attenuation in shock tubes, giving us verification that the sectional breakup model is working correctly. We are still in the process of finding experimental results to validate our model. Once that is completed the breakup model can be implemented in the mitigation code and we can focus on larger droplets that are likely to be used in practical implementations.
Complex Three-dimensional Geometries with VCE/SS
As the blast mitigation project moves forward, simulations and experiment will be required to look at more practical scenarios. These often will include complex threedimensional geometries. Several different approaches can be used to address these complexities. Body-fitted structured meshes have been used in the past quite extensively, but are difficult to produce, especially as obstructions are added to the domain. Unstructured grids are attractive since automated algorithms can be written to produce grids subject to specific constraints. The approach we are currently investigating is called the virtual-cell-embedding with surface segments (VCE/SS) method. This method is based on the virtual cell embedding (VCE) method of Landsberg and Boris [31 ] , and keeps the uniform structured mesh. VCE determines which cells are completely blocked, and which cells are only partially blocked. It then computes the partial volume and partial interface surfaces needed by the transport algorithm based on a grid embedded within each partially blocked cell. Surface segments adds the ability to have additional cell interface surfaces for the partially blocked cells besides the common 4 or 6 for structured meshes. The additional surfaces can have fluxes or other surface forces associated with them. This VCE/SS method is currently integrated into a 3D FCT algorithm. As a demonstration of the ability, we show a blast solution without mitigation in an axisymmetric geometry with four cylinders and a ramp computed using the VCE/SS method in Figure 17 . 
Parallel Adaptive Mesh Refinement using PARAMESH
In addition to doing complex geometries and obstructions using the VCE/SS technique, unsteady simulations with well-resolved shocks in three-dimensional environments require some sort of adaptive grid technology to be practical. For instance, the grid used for the axisymmetric simulations is 500x5OO, and represents a good compromise between efficiency and resolution. Halving the resolution significantly dampens the shocks, while doubling the resolution only slightly increases the accuracy while slowing down the solution procedure by at least a factor of four. To extend this to three dimensions, a 500x5OOx5OO grid would have 125 million grid cells. Even with the supercomputers of today, it is prohibitively expensive to do this many cells for a long duration, time-accurate calculation. Adaptive mesh refinement allows us to pack cells where they are needed (near the shock waves and reaction zones), while leaving the grid fairly coarse in other areas. We have selected PARAMESH for parallel adaptive mesh refinement [32] .
PARAMESH works by defining a base mesh block size, for example 16x16x16 cells, and constructing the mesh from these base mesh blocks. Each mesh block can be refined if it meets refinement criteria into 4 or 8 (for 2d or 3d simulations) child mesh blocks, doubling the effective resolution within the original parent block. Groups of 4 or 8 mesh blocks can also be derefined if the solution meets specific criteria. Each mesh block exists on a single processor and communication between the mesh blocks occurs through the PARAMESH library using MPI calls.
An example of the blast calculation using the PARAMESH libraries is shown in Figure 18 , were we detonate 5 lbs of TNT in a 215 cm x 215 cm cylinder. Temperature is shown in the figure, both with and without the mesh. There are five levels of refinement in this calculation, with each block having a 16x16 mesh. Here we used both the density and the temperature gradients to determine which areas to refine and derefine. This captures both the reflected front shock wave and the intricate reaction-front structure. For this example, we have set the base resolution for the domain at 64x64, resulting in a 3.36 cm resolution. From there, we refine five levels to a 1.05 mm resolution, only in locations where it is needed. As the flow develops, the grid is adapted to properly resolve the shock-front and reaction-front. For the snapshot shown in Figure  18 , we have 4960 base blocks, which corresponds to 1.27 million cells. For a uniform 1.05 mm resolution, we would need 4.19 million grid cells. 
5 Fluid-Structure Interactions
Another area of importance is in the interaction between the gas-flow and structural elements. The surrounding walls and other structures can absorb a significant amount of the energy related to the blast, and in doing so change the basic pressure development within an enclosed area. In addition to the steel structure, protective jackets or coatings can be applied to especially vulnerable areas that may absorb much of the blast energy without causing damage to the overall structure. For the current experiments, fluid-structure interaction has not been critical, however, for practical Navy applications, this component will be important in determining the amount of damage sustained by a blast. Furthermore, the basic knowledge gained from our studies can be used to design effective multimaterial solutions tailored to protect specific high value assets.
CONCLUSIONS
This report is the third in a series of reports that have dealt with simulating mitigation of confined and unconfined blasts. To date, these simulations have examined mitigation using water mist. We have, however, remained flexible in our approach so that we can incorporate other mitigation techniques that show promise. The report has briefly outlined the numerical procedure used for the simulations and then focused on a series of calculations that have elucidated both qualitative and quantitative features of blast mitigation using water mist.
The first set of simulations examined the multi-dimensional nature of the expanding shock-front and reaction-front after detonation of the explosive. It was found that the reaction-front for blasts typically lags considerably behind the shock-front except for close to the explosive. Water mist is pushed outwards away from the explosive location by the shock front and shocked air gases, and typically does not penetrate into the reaction front except close to the explosive. Because of this, water mist does not directly suppress the secondary reactions in an unconfined explosion. For oxygen-deficient explosives such as TNT, pressure development in an enclosure is tied closely to heat release from the oxidation of excess fuel in the reaction-front, which tends to be mixing controlled. Although there is no coupling between the shock-front and reactionfront, shock waves reflected off of the walls in the enclosure drive mixing and thus reactions in the reaction-front.
The second series of mitigation simulations examined the effect of water mist of the shock-front for unconfined blasts. Several interesting conclusions can be derived from these results. First, droplet size appears to play a secondary role when compared to the mass loading for shock-front mitigation. Closer to the explosive, smaller water droplets are actually less effective at mitigation, while further downstream there seems to be an optimum size dependent on the mass loading. Vaporization also appears to have very little effect on the mitigation of the shock front, particularly close to the explosive, suggesting that momentum extraction plays the key role in mitigation of the shock front. It also appears that the mitigation experienced by an observer at a given distance from an explosive is due to the total water mass between the observer and the explosive. It does not matter if the water is concentrated near the explosive or spread out between the explosive and observer. As long as the total mass is the same, the amount of mitigation will be similar. This suggests that water-blankets may be as effective than general water mist so long as the amount of water used is similar.
The next set of simulations examined general characteristics of the mitigation of quasi-static pressure buildup within an enclosure. Two general conclusions can be drawn from these simulations. First, water mist appears to affect the amount of mixing between oxidizer and excess fuels by decreasing the magnitude of the instabilities that develop within the reaction-front, and also by reducing the strength of the reflected shock waves that help to drive the mixing. Water mist does not appear, however, to extinguish the secondary reactions, therefore we do not see the very large amounts of mitigation that are theoretically possible. Simulations also tested the effect of different wall boundary conditions for the mist (a sticky versus a reflective wall), and interestingly found that the water mist wall boundary condition had only a small effect on the actual mitigation.
The final set of simulations were done in support of experiments conducted by NRL at the Naval Surface Warfare Center (Indian Head). A simple thermodynamic analysis was first compared with the experiments, and severely underpredicted the mitigated quasi-static pressure, thus overpredicting the mitigation efficiency and demonstrating how poor this method is for these cases. Unsteady axisymmetric simulations tended to overpredict the absolute values for the quasi-static pressure both with and without water mist present, most likely because various loss mechanisms (incomplete combustion, absorption of energy by walls and other structures, and venting) that were not incorporated into the model. However, the simulations were able to predict the overall mitigation efficiency of the water mist to within a few percent. This suggests that an unsteady multidimensional simulation is essential in determining what type of mitigation to expect. This will be particularly true when examining more complex spaces and mitigation strategies.
The current results have shown that the simulation approach can give both useful predictions and trends for shock-front and quasi-static mitigation. Validation using data from [ 15] has helped to ensure that the present physical models are realistic and not missing essential physics necessary for the computation. The simulations have also helped to elucidate some of the general characteristics of these explosive blasts, as well as the main mechanisms behind both the shock-front and quasi-static mitigation. The current focus of the research is on further improving the efficiency and accuracy of the simulation code for use as a general tool that the Navy and DoD can use for evaluating blast mitigation strategies for ships and other areas of general interest.
APPENDIX A. Explosive Decomposition
Although there are many, many, different types of explosives, most common explosives have the same basic constituents (carbon, nitrogen, oxygen, and hydrogen), and can be represented as CaHbNcOd, and produce similar product gases after detonatation. Given heats of formation of individual explosives, estimates can be made of the heat of detonation and the heat of combustion (includes heat released from secondary reaction) assuming a hierarchy of decomposition. The hierarchy we choose for explosive decomposition for a general explosive:
We have added in the Aluminum because of its presence in many metalized explosives, however, the role it plays in the detonation is unclear and the subject of much research. Note that other hierarchies may be applied; in particular, some researchers prefer to react the carbon to carbon dioxide without a carbon monoxide intermediate. However, this hierarchy appears to give better results for most detonation energies except in the case of RDX. Considerable research has also been done to determine the exact detonation products for some explosives, for instance see Mader [32:mader98] . Where this data is available and reliable it is good to use, however, for more general considerations the above hierarchy can be used. Table 1 shows the results for some common explosives using this hierarchy.
In addition to pure explosives, we also consider the decomposition and reaction of TNT-castable explosives in Table 2 . Note that this thermodynamic treatment only gives the heat release and products for the detonation and combustion of an explosive. We do not attempt to provide any other detonation information (such as detonation speed and pressure). For our purposes, with our relatively simple initial condition, this information is all that is needed. Table Al . List of pure explosives, with global detonation and combustion reactions.
All specie products are in gm-moles. 
